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We have synthesized epitaxial Sr 2 IrO 4 thin-films on various substrates and studied their electronic structure as a function of lattice-strain. Under tensile (compressive) strain, increased (decreased) Ir-O-Ir bond-angle is expected to result in increased (decreased) electronic bandwidth. However, we have observed that the two optical absorption peaks near 0.5 eV and 1.0 eV are shifted to higher (lower) energies under tensile (compressive) strain, indicating that the electronic-correlation energy is also affected by in-plane lattice-strain. The effective tuning of electronic structure under lattice-modification provides an important insight into the physics driven by the coexisting strong spin-orbit coupling and electronic correlation. V C 2013 AIP Publishing LLC [http://dx.doi.org/10.1063 /1.4801877] Recent studies of 5d transition-metal oxides have revealed innovative physics with strong potential for electronic device applications. Although weak electronic correlation and paramagnetism were conventionally anticipated to govern the physics of 5d transition-metal oxides owing to the extended nature of 5d electrons, recent research on Sr 2 IrO 4 crystals has shown that J eff ¼ 1/2 Mott states appear due to strong spin-orbit interactions. 1 The energy scale of the spin-orbit coupling is comparable to the crystal-field energy and the on-site Coulomb interaction, which creates the potential for the emergence of unprecedented electronic states due to the strong competition between these fundamental interactions. Moreover, strong spin-orbit interactions can also derive topologically protected electronic states, 2 the so-called topological insulator.
To understand the physics of Sr 2 IrO 4 and to find a way of tuning its multiple, competing interactions, experimental studies of chemical doping, [3] [4] [5] [6] [7] [8] [9] and high pressure 10 have been recently conducted. However, chemical doping often has multiple consequences, such as changes in crystal structure and the valence states of the transition metal element, which can make it difficult to achieve a desired state. Hydrostatic pressure techniques are not available for a few advanced spectroscopic methods such as X-ray photoemission spectroscopy. Hence, synthesis of epitaxial thin-films under various lattice-strain conditions is a viable alternative for creating desired modifications of the physical properties of Sr 2 IrO 4 , and there have been only a few thin-film studies. 9, 11 In this letter, we report on the growth and optical properties of Sr 2 IrO 4 (SIO-214) thin films. The in-plane lattice mismatches between SIO-214 and various oxide substrates can exert both tensile (þ) and compressive (À) strains to films, as shown in Fig. 1(a) . We find that the electronic structure of SIO-214 films is effectively altered by lattice strain, and we observe shifted optical transitions (absorptions) between the J eff ¼ 1/2 lower Hubbard band (LHB) and the J eff ¼ 1/2 upper Hubbard band (UHB), and between the J eff ¼ 3/2 band and the J eff ¼ 1/2 UHB band. Our observations strongly suggest that not only the electronic bandwidth but also the magnitude of the effective electronic correlation energy (U eff ), can be manipulated by lattice strain. Our results demonstrate that epitaxial SIO-214 thin films can be used as a model system to study the physics of coexisting strong electron correlation and strong spin-orbit coupling under lattice modification.
We have used a custom-built, pulsed laser deposition system equipped with in-situ reflection high-energy electron diffraction and optical spectroscopic ellipsometry 12 Table I . The epitaxial growth conditions are found to be the following: an oxygen partial pressure (P O2 ) of 10 mTorr, a substrate temperature of 700 C, and a laser (KrF excimer, k ¼ 248 nm) fluence of 1.2 J/cm 2 . Figure 2 shows h-2h X-ray diffraction scans of the samples discussed herein. Welldefined 00l-peaks are present due to the films' 00l-orientation along the perpendicular to the substrates. The full widths at half maximum in rocking-curve scans of the 00l peaks are all less than 0.05 , which confirms the high crystallinity of the films. Note that the thin films' 0012-peaks are shifted to low angles as the substrate lattice parameters decrease (from GSO to LAO). This behavior is consistent with the schematic diagrams in Fig. 1(b) , since elongated (contracted) out-ofplane lattice parameters are expected as compressive (tensile) in-plane strain is exerted on thin films. Figure 3(b) shows that the in-plane and out-ofplane lattice parameters change systematically as the substrate lattice parameters vary. From these data, we can calculate the in-plane lattice strain (e xx ), the out-of-plane strain (e zz ), and the Poisson's ratio (v) of the films, as summarized in Table I .
To investigate the electronic structure of the SIO-214 thinfilms, we measured optical transmission spectra (T(x)) to obtain the optical absorption spectra, A(x) ¼ Àln[T(x) filmþsubstrate / T(x) substrate ]/t, where t is the thickness of the thin films. Each spectrum has been measured at room temperature using a Fourier-transform infrared spectrometer in the photon energy region of 50 meV-0.6 eV and a grating-type spectrophotometer in the range of 0.5-6 eV. Figure 4 shows the optical absorption spectra of the SIO-thin films grown on GSO, STO, LSAT, and LAO substrates. Spectra of the films grown on NGO substrates cannot be obtained by our method since NGO substrates are opaque in this photon-energy region.
The lattice-strain-dependent optical absorption spectra yield indispensable information about the electronic structure of the SIO-214 thin films. There are two optical absorption peaks at about 0.5 eV (a) and 1.0 eV (b), which have been interpreted as interband optical transitions from the LHB of J eff ¼ 1/2 and the J eff ¼ 3/2 bands to the unoccupied UHB of the J eff ¼ 1/2 state, respectively. 13, 14 The interband optical transition intensity, I i!f (x 0 ), from an initial state i to a final state f at x 0 is described as I i!f ðx 0 Þ ¼ Ð jhf jMjiij 2 q f ðxÞq i ðx Àx 0 Þdx according to Fermi's golden rule, where M is the matrix element, and q i and q f are the densities of states for i and f, respectively. We can expect these optical peaks to broaden (narrow) as the bond angle (Ir-O-Ir) of the in-plane lattice increases (decreases), which enhances (reduces) the electronic hopping integral and the bandwidth (W). When tensile (compressive) strain is applied to SIO-214 thin films, the optical peak width clearly increases (decreases), as shown in Fig. 4 . This behavior is consistent with an increased bond angle and an unaffected planar Ir-O bond length, which is very difficult to alter, as schematically shown in Fig. 1(b) . In addition, it has been recently shown that for SIO-214 thin films grown on STO, that in-plane tensile strain only affects the bond angle. 11 Surprisingly, our data ( Figure 5(a) ) show that not only the optical peak width but also the peak energies (x a and x b ) increase as tensile strain is applied to the SIO-214 thin films. Since both x a and x b vary with applied strain, it is unlikely that spin-orbit coupling can be solely responsible for these changes in the peak energy. This means that U eff should increase (decrease) as tensile-(compressive) strain is applied to these films. As a result, the SIO-214 films exhibit optical gap energies ($0.3 eV) that are approximately independent of lattice strain, as shown in Fig. 4 .
This behavior of the optical transitions under latticestrain is quite unexpected. Temperature-dependent optical measurements 15 on bulk single-crystal Sr 2 IrO 4 show that the widths of the optical peaks increase as temperature increases, since the effective Ir-O-Ir bond-angle increases due to thermal expansion, which is qualitatively consistent with our observations in the SIO-214 thin films. However, the temperature-dependent data for bulk crystal show that the optical peak energies decrease as temperature increases, which is an opposite behavior to our observations in thin films, in which optical peak energies increase under tensile strain. Whereas the thermal effect should increase the overall lattice parameters of a sample, our thin films under biaxial in-plane tensile-strain expand only the in-plane lattice parameters, but reduce the out-of-plane lattice parameters. Hence, the apparent inconsistency between the temperature-dependent experiment and our strain-dependent experiment might not be so surprising. However, in general, theoretical models about 214 structures assume ideal in-plane square lattices and neglect changes along the out-of-plane directions. Hence, our observations tell us that the change along the out-of-plane direction such as apical Ir-O bond-length or interlayer coupling cannot be neglected when considering the actual electronic structure of SIO-214. Figure 5 (b) describes qualitatively the change in the electronic structure of the strongly correlated, spin-orbitcoupled bands of SIO-214 thin films under lattice strain. In order to further clarify this change in the electronic structure of the SIO-214 thin films, advanced spectroscopic techniques, such as angle-resolved photoemission spectroscopy and resonant X-ray scattering, should be pursued.
In summary, epitaxial Sr 2 IrO 4 thin films have been grown on various substrates for both tensile-and compressive-lattice strain. We have observed that optical absorption peaks at around 0.5 eV and 1.0 eV are broadened and shifted to higher energy as tensile strain is applied. This implies that not only is the electronic bandwidth increased by strain but also the electronic correlation is increased as well. These epitaxial Sr 2 IrO 4 thin films provide a useful two-dimensional model system to study the nature of the coexistence of strong electron correlation and spin-orbit interactions, and their behavior under lattice modifications.
FIG. 5. (a) The peak positions (x peak ) and the widths (c peak ) obtained from Lorentz oscillator fitting as a function of the in-plane lattice strain (e xx ). The values at e xx ¼ 0 are taken from a SIO-214 single crystal. 13 (b) Schematic band diagrams dependence on lattice strain suggested from our data.
